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AUTHORS' ABSTRACT /2

An examination is made of the effect of the temperature and

salinity of sea water on its dielectric constants and the radiaion

characteristics of a smooth water surface in the 10-200 cm wave-

length range. With reference to. the dependence of the dielectric

constants on temperature and salinity, and also the effect of

atmospheric glow, it was shown that the optimal working range of

the working wavelengths for investigating the distribution of the

salinity of the ocean by passive remote methods is the 60-80 cm

range. And a 43.50 K decrease in the radiobrightness temperature

corresponds to a salinity change of 0 to 30 per mil, at the wave-

length of 75 cm and radiating surface temperature of 200 C.

The experimental material 'wasIcompared with the theoretical

calculations.
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INTRODUCTION b3

Literature Review

To solve several scientific and applied problems (for example,

remote probing of the Earth, and satellite meteorology and ocean-

ology), detailed data on the electrical, radiation, and reflec-

tion characteristics of fresh and sea water are required over a

wide range of wavelengths: from the millimeter to the meter and

dekameter jfic7 ranges.

Interpretation of the measurement of reflectionzand radia-

tion characteristics of the water surface is possible only when

data are available concerning the dielectric constants of solu-

tions at different temperatures and salt concenti-ations.

The present study gives a detailed calculation of the dielec-

tric characteristics of fresh and salt (NaC1 solution)1 water in

the 0-400 C temperature range and the 0-40 per mil salinity range,

based on the Debye polarization model 51, 27 for wavelengths from

10 to 200 cm. Calculation results are compared with available

experimental data in this frequency range aimed at finding the

applicability of the Debye polarization model for fresh and es-

pecially sea water, which is a subject of broad discussion Z3, 2,

4, g. From the data in Z75_7 it follows that the theoretical

calculation of the characteristics in this case must be done with

a relative precision not poorer than 0.1 percent.

1 The problem of the effect of other salts is treated in Section

2.

iv



Based on data on the dielectric characteristics, in the pre-

sent study are presented calculations of the radiation and reflec-
2

tion characteristics of a quiet water surface in the above-

indicated temperature, frequency, and salinity ranges. In addi-

tion, the effect on the radiobrightness temperature of a quiet

water surface exerted by temperature and salinity is discussed.

Study of these dependences is important both from,.the standpoint

of finding the possibilities of the remote investigation of the

distribution of salinity and temperature, and from the methodo-

logical viewpoint, since calibrating radiometric onboard systems

with respect to a quiet water surface is one of the most precise

methods -7_.

If the expression for the radiobrightness temperature must

have a precision of the order of 0.20 K, the relative error in

the calculations of emissivity must be better than 0.2 percent

-87.

From the requirements of the problems formulated, all nume-

rical results are represented in tabular form (the relative pre-

cision is about 0.1 percent), as well as in graphs.

We note that the domestic and foreign literature contains

fragmentary reports on the dielectric constants and the radiation

characteristics of sea water for certain mean values of tempera-

ture and salinity, and there are no data on the variation within

the temperature and salinity ranges intrinsic to sea water in

different parts of the World Ocean.

Available experimental data on the electrical characteris-

tics of water are generalized in a number of recent reviews

Z9, 10, 4, 117.

2 The problem of the radiation characteristics of a wave-agitated

sea is the subject of special investigation (for example, f 6_7).
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From studies on the theoretical calculation of the radiation

characteristics of fresh and sea water, /7, 12i7 must be singled

out. The first of these gives a detailed theoretical calculation

of the effect of temperature and salinity on the radiation of a

smooth water surface in the centimeter range (0.3-8.5 cm) by

relying on the Debye relaxation model of polarization /-7_7.

The emissivity of water in the range from the millimeter /

to the meter waves is calculated in the second study /27. However,

in the calculations several assumptions are made; these lead to

the apparent independence of the dielectric constant from salinity,

which -- in turn -- strongly affects the magnitude of the emissi-

vity of the ocean surface (see below).

In a recent study 5 73 based on the Debye model, the authors

constructed functions similar to those examined below, however

the precision of the plotting of the graphs (computer-aided) is

poorer than 2 percent (in the estimates of the authors themselves).

Also, there is no comparison with available experimental material

and no allowance for atmospheric glow as affecting the radiobright-

ness temperature of the water surface.

A comparison of the calculation results given in the report

with available experimental data is made in the appropriate sec-

tions.

vi



ELECTRICAL AND RADIATION CHARATERISTICS OF WATER IN THE
DECIMETER AND METER RANGES

V. Yu. Rayzer, Ye. A. Sharkov, and V. S. Etkin

1. Electrical Characteristics of Fresh and Salt Water

The Debye Oispersion model 7,27 is assumed in the calcula-

tion of the electrical characteristics of a smooth water surface.

In the UHF range the real and the imaginary parts of the dielec-

tric permittivity tfielectric constant7 of water can be represented

as Zi, 2~7

,+9lj (1)

\A (2)

where Xsis the critical wavelength, determined by the relaxation

time of the water molecules

S is the static dielectric constant,

E0 is the optical dielectric constant,

X is the radiation wavelength, and

a is the specific electroconductivity of the NaCl solu- 6

tion.

The dependence of the static dielectric constant on temper-

ature is of the form L'3_7:

= %74-400 9g8o- & oi (3)

with an error of 0.01 unit, where t is the water temperature in
0 C.

The optical dielectric constant is assumed to be identical

for salt and fresh water; the dependence of E0 on temperature,

according to /-3_, can be written in the form:

(4)
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For aqueous solutions of sodium chloride, the values of XS/

and a as functions of salinity and temperature were found by

means of data in the reports /,7. Calculations of the dielec-

tric constants of fresh and sea water for different temperatures

and salinities were made on the basis of Eqs. (1) - (4), computer-

aided. The results are presented in Tables 1 and 2 and in graphs.

The real part of the complex dielectric permittivity of both

fresh and salt water increases with increase in the radiation

wavelength in the range 0.3-10 cm, and for fresh water this rise

with increase in water temperature proves to be more strongly

pronounced.

When the wavelength is increased from 10 to 200 cm, E' is

virtually independent of X. Its value for fresh water is some-

what higher than for salt; with increase in temperature, E' falls

off at the same salinity (Fig. 1).

3 The concepts of salinity and molar concentration are used in

estimating the saltconcentrations in solutions. By salinity

(S) is understood the total amount of dry residue in grams iso-

lated from one kilogram of sea water. Salinity is expressed

in g/kg or in weight percent, that is, 1 weight percent = 10 g/kg =

= 10 per mil (per mill.) ifg. In Z-5_7 the following formula is

proposed, relating S per mil with the molar concentration (M) of

NaCl in sea water: S per mil = 75.13 M (NaCl). As reference

information we note that the mean salinity of the World Ocean

is 35 per mil'. For the Atlantic and Pacific oceans, 37.5 and

35 per mil,, respectively, and 2-7 per mil!for the Baltic Sea

74,87. The validity of the model experiments in which sea

water was replaced with an NaCl solution (as, for example, in

T-7) must be carefully discussed in each case (see Section 2).
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In the millimeter range (0.3-1 cm) generally there is no /

effect of salinity on ('. In the decimeter and meter ranges the

virtually'identical variation of (' with salinity change 0 to 40

per miliis observed, I/namely, about 15 perpent of the relative

change from the mean value of E' (t = 00 C).

From Fig. 1 it follows that the effect of temperature on E'

in the decimeter and meter ranges is of the same order as the

effect of salinity, namely, with a temperature rise from 0 to

300 C the relative change in E' is 14-16 percent.

We note that the effect of temperature on (' in the milli-

meter and decimeter wavelength ranges varies: in the first region

E' rises with increase in temperature, while inthe second -- it

decreases.

The loss tangent for X= 0.3-1 cm have a maximum for both

fresh and salt water; it shifts toward the smaller wavelength side

with increase in temperature (Fig. 2).

In the region X = 1-20 cm, tg 6 for salt water has a mini-

mum, shifted toward the side of longer wavelengths (all the way

to 20 cm) with decrease in temperature (salinity kept constant),

as well as with decrease in salinity (temperature keptconstant).

For fresh water, even from X >1 cm the change in tg6 shows

a linear decrease with respect to wavelength. i

Like the dependence of the real part of the complex dielec-- /8

tric permittivity, tg 6 is virtually independent of salinity in

the millimeter range. In the decimeter and meter ranges, the

conductivity of salt water causes a sharp rise in the loss tangent,

which differs from its value for fresh water by two to three orders

of magnitude' (while 0' varies by about 15 percent in relative

magnitude), which -- in turn -- is reflected in the radiation

characteristics of salt water.
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We note that in the range X= 5-20 cm there is a change

in the temperature dependence of the loss tangent for salt water,

while for fresh water throughout nearly the entire wavelength

range tg 6 decreases with increase in temperature.

To examine the further trend of the dependence of the loss

tangent on wavelength for fresh water, we must know its conducti-

vity, which has strong variations as a function of the type of

fresh water. The specific conductivity of natural bodies of water

varies within wide limits (from 102 to 10- 3 (ohm-meter)- 1 , (deter-

mined by the chemical composition of the water. And the maximum

specific conductivities of the order of hundreds (ohm-meter)-1

pertain to highly mineralized waters of petroleum deposits and

certain ore waters.
-i

The specific conductivities of the order of 0.125.-10 -

10-3 (ohm-m)- are characteristic of ground and rain fresh water

Values of specific conductivity of the order of 5-10
- 6

(ohm-m)- 1 ti7g are given for pure distilled water, which does
not lead to a substantial change in tg 6 in this wavelength range.

Actually, the correction to the loss tangent for pure dis- /9

tilled water, with allowance for its specific conductivity in

the meter wavelength range ( X= 200:cm) is of the order of 10 - 5

units. This correction decreases with decrease in wavelength,

as can easily be seen from Eqs. (1) - (2).

Let us estimate the loss tangent for various natural waters

in the meter wavelength (X = 200 cm); it is 1000 - 1600, respec-

tively, for the waters of petroleum deposits and certain ore

waters and 2-0.1 for surface ground and rain water.

Hence it is clear that the loss tangents of various natural

waters very strongly depends on the chemical compositioncof fresh

water.
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In-the present study, it was assumed that the specific con-

ductivity of fresh water is absent, i.e., a = 0.

The report /_17 contains analogous results of the calcula-

tion of the dielectric characteristics of sea and fresh water.

However, in this study the effect of salt concentration is re-

duced only to changing the electroconductivity of the solution.

This view leads to the independence of the real part of the com-

plex dielectric permittivity on salinity. It is also assumed that

the values of XS and ES are functions solely of 'temperature, which

differ3 from those adopted here. It should be noted that the

dependence of X S and E S on temperature in /-17 was taken from

earlier publications (1948). In contrast, the functions used in

the present study are taken from 1961 publications. Also, in

J-27 the value of the optical constant f0 is identical for all

temperatures, in contrast to Eq. (4). All this accounts for the

discrepancies in the values of e' and tg 6 , though the nature of

their variation withj respect to wavelength remains the same.

It can be shown that the discrepancies in the values of ' /10

for fresh water are relatively small and amount to 2.5-3 percent;

for the loss tangents, these differences are somewhat higher --

about 10-30 percent. The strongest differences are observed in

the electrical characteristics of sea water of high salinity

(40 percent) -- for the dielectric constant the results differ

by 20-30 percent, and tg 6 -- by nearly twofold.

2. Review of Experimental Data on the Electrical Characteris-

tics of Water

We begin this section with a comparison of the calculation

made and available experimental data in the decimeter and meter

wavelength ranges for fresh water. These data are taken mainly

from a detailed handbook by Ya. Yu. Akhodov -9_-7 and a recent

review 42.

5



From an examination of the data shown in Figs. 3 and 4,

where the results of calculating E' and tg 6 for fresh water

(on an altered scale with respect to Figs. 1 and 2) and exper-

imental data from the studies 16-237 are presented, we can con-

clude that there is good agreement between the results of calcu-

lation based on the Debye model for fresh water in the decimeter

range. For most experimental points of E', the agreement with

the calculated curve is better than 0.3 percent, and only four

experimental points have a nonagreement with the calculated curve

of the order of 1 percent.

Experimental investigations of the dielectric constants of

sea water, an electrolytic solution of the salts of Na, K, Ca,

Mg, Ba, and other elements, are few and contradictory.

An important, but little-studied problem in the investiga- /

tion of the electrical characteristics of sea water is the pro-

blem of the effect of salts, besides sodium.chloride, on..the di-
4

electric properties .

Very recently, as part of an investigation of the possibiA

lities of the remote probing of the ocean surface, a detailed

study was made -8 J of the dielectric characteristics of sea

water samples taken from different parts of the World Ocean and

solutions of various concentrations in the 11 cm range.

From an inspection of Figs. 5 and 6 (the argument of the

graphs is the weight concentration of sodium chloride in the

solutions -8_), it is clear that the dielectric constant of

sea water E'M is smaller than the dielectric constant.bf a sodium

4 On the average, sea 'water with a salinity of 35 per milicon-

tains the following /14, g: NaCl -- 27.2 g per kg of water;

MgCl2 -- 3.8 g; MgS0 4 -- 1.7 g; CaSO -- 1.2 ',g; K2So04 -- 0.9 g;

CaCO -- 0.1 g; other compounds present in the water of oceans

are contained in very small amounts.
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chloride solution of the same concentration as the sea water,

E'aC, for all salinity values.Na Cl

The dielectric constant of tap water differs from the E' of

distilled water only slightly -- by a relative value of about

0.3 percent; and the losses are virtually the same for these

types of fresh water.

These graphs enable us to examine an experimentally important

problem, the validity of the modeling of sea water with a sodium

chloride solution.

The real part of the dielectric permittivity Ec of sea water

with a salinity of 35 per' mil, containing 27.2 g per kilogram of

sodium chloride solution is smaller than the E' of an NaCl solu-NaCl
tion containing 27.,2 g/kg of this salt, by a relative value of

about 0.5 percent (0.4 unit of the mean value of E' = 80) and, /12

if we are concerned with experiments, where the relative preci-

sion in the determination of about 0.5 percent does not play a

role, the modeling of sea water with the corresponding solution

of NaCl can solve the problem posed.

If in the experiments we use a sodium chloride solution with

a concentration of 35 g per kg of solution, the relative error in

the determination of E' will be positive and amount to about 2

percent (about 1.5 units of the mean value e' = 80). When it

is necessary to reduce these, errors, sea water must be modeled

with a 35 per milNaCl solution having a concentration of 29.5

g/kg, as follows from the experimental plots.

As far as the losses are concerned (Fig. 6), c differs from

the E'c" of the sodium chloride solution (with a concentrationNaCl
corresponding to the NaCl concentration in sea water) by about

4 percent (salinity is 35 per mil), and the error here rises with

increase in salinity.

7



When an NaCl solution with a concentration of 35 g per kg

of solution is used, the losses in this solution will be much

higher than in sea water with a 35 per mil salinity, by about

15 percent.

All the foregoing pertains to the 11 cm range. In the shorter-

wavelength range, the difference in the electrical characteristics

of solutions of electrolytes will be reduced, as is also true of

the effect of the different chemical composition of the electro-

lyte. In the decimeter and meter ranges, the tendency is the

reverse and the problem of modeling sea water with a sodium

chloride solution when analyzing electrical characteristics must

be solved experimentally.

We once again note that in the related calculations and graphs

of the studies tT,12,137, in the present study by salinity (in

ppt §arts per thousand7 is meant only the presence of sodium

chloride in the solutions. And if we discuss the high precision

with which the calculations of the dielectric parameters (up to /13

0.1 percent) were made (/-7_), then with reference to the above-

expressed considerations, it must be stated that the salinities of

the sodium chloride solution do not correspond to the salinities

of sea water, in contradiction to the assertions of the authors

of this study concerning the negligible effect of other salts on

the electrical parameters of sea water. Still, generally speak-

ing, at each wavelength one can find a definite correspondence

between the salinity of sea water and the salinity of the sodium

chloride solution in the sense of the identity of their electrical

parameters. For example, from Fig. 5 it follows that sea water

with a 35 per mil salinity has virtually the same electrical para-

meters at a wavelength of 11 cm as a sodium chloride solution with

a concentration of about 29.5 g/kg (or 29.5 per mili).
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3. Radiation Characteristics and Radiobrightness Temperature of

Water Surface

The emissivities of a smooth water surface with vertical

v and horizontal Ih polarization, and the coefficient of polar-

ization P are given by the following expressions:

(5)
4aca~rO

a ,=(.24 )2-P (6)
p .,v-.eh (7)

2 '(8)

where 0 is the angle of observation, measured from the vertical, /14

v , Ih' and P are functions of temperature t, salinity 3, angle

of observation 0, and radiation wavelength X.

The radiation characteristics of a smooth water surface,

calculated by Eqs. (5) - (9) for different temperatures, sali-

nities, and angles of observation are represented by a series of

graphs in Table 4 5.

To estimate the penetrating power of passive probing, the

coefficient of absorption Q and the "effective depth" L were cal-

culated, where a 90 percent radiothermal radiationof the layer

was formulated:

(db/m) (10)

" f-, .(m) . (11)

5 The discrepancies with the data in Z27, for reasons given

above, are from 2 per mill (fresh water) to 25 per mil)(salt water)

for emissivity, for a zero angle of observation.

9



In the wavelength range x= 8.5-200 cm (Figs. 7 and 8), the

value-falls off with increase in wavelength at all temperatures

and salinities. And for fresh water this decline is more pro-

nounced and is exponential in character:

For fresh water, Q decrease with rise in temperature, while

for salt water it rises, at the same salinities. With increase

in salinity at a fixed temperature, the coefficient of absorption

rises. All these changes in Q for salt water do not exceed one

order throughout this wavelength range. The values of Q and L

for x= 18, 75, and 200 cm are given in Table 2. /

From Table 3 it follows that in the range X = 18 cm radia-

tion is formed in the fresh water layer 8.5 cm thick, and for

\= 75 cm -- in the layer 1.5 to 5.2 m thick (with variation in

t from 0 to 400 C). For salt water,ithe layer forming the radi-

ation extends in depth from 1 to 5 cm (depending on temperature).

Fig. 9 presents the results of the calculation of the emis-

sivity I of a smooth water surface in the range from 3 mm to

200 cm, ;the temperature range (0-40' C), and the salinity

range (0-40 per mil,).

From an examination of the graphs, it follows that in the

frequency dependence of I there are two wavelength ranges, ap-

preciably differing in the effect of temperature and salinity

on 1. The boundary (provisionally) lies at about 5-7 cm.' Below

this value the emissivity is virtually independent of salinity,

in general, and with increase in temperature the value of I sub-

stantially decreases. This range is regarded as promising from

the standpoint of the remote determination of the surface temper-

ature of the World Ocean j4_7.

In the decimeter and meter ranges, salinity strongly affects

, and with increase in the working wavelength the effect of

10



salinity increases. This is physically associated with a sharp

rise in the loss tangent in the decimeter and meter ranges (see

Section 2).

The emissivity of fresh water, as can be seen from the

graph, in general does not depend on wavelength owing to the

absence of the frequency dispersion of the dielectric constant

and the smallness of the loss tangent.

The radiobrightness temperature curves are shown in Fig. 10.

The trend of these curves in general is analogous to the curves

of the emissivities (Fig. 9). Even thouigh here there are several /16

features, for example, in the wavelength range X = 20 cm, the

curves for the various salinities intersect and change their tem-

perature dependence. The radiobrightness temperatures of fresh

water comprise the range 95-1150 K in the decimeter wavelengths.

With increase in wavelength (especially in the meter range), there

is a drop in the radiobrightness temperatures of sea and fresh

water and it is of the order of 800 K (x = 100 cm, t = 400 C);

with decrease in surface temperature, this drop becomes smaller

at each wavelength.

The dependence of the emissivity of a water surface on angle

of observation is shown in Fig. 11. Due to the large electrical

losses, the emissivity differs quite appreciably from unity near

Brewster's angle. However, the value of this angle remains nearly

the same as for fresh water, as for sea Water; it is about 83-85 ,

independently of the radiation wavelength.

The temperature characteristics in this range are quite un-

usual. For example, in Fig. 12 are constructed the temperature

functions at the wavelength 18 cm (angle of observation is the

nadir). From these graphs it is clear that for fresh water there

is a positive gradient of I with respect to temperature; for

salt water (40 per mil) there is a large negative gradient; and

for water with a salinity of 20 per mil., generally the temperature

11



dependence of emissivity is absent. From these graphs it is also

clear that for any working wavelength it is possible to find the

salinity for which the dependence of 3 on temperature will be

absent. We note that we are discussing emissivity, while the

situation is otherwise for radiobrightness temperatures. For

example, in the case present for water with 20 per mil salinity

Tbr at 400 C is higher than at 00 C, though the emissivity remains /

unchanged (Fig. 12).

Analogous curves are shown in Fig. 13 for the radiation wave-

length 75 cm.

Since the quiet water surface is used for calibrating the

radiometric temperature, we must take into account these features

of the temperature dependence of the radiobrightness temperature

of water with varying salinity. Similar features are absent in

the centimeter and millimeter ranges.

Figs. 14 and 15 present graphs of the dependence of emissi-

vity and radiobrightness temperature (at the nadir, 0 = 00) on

salinity for a number of wavelengths: 18 cm, 75 cm, and 200 cm.

Common to these curves for the decimeter and meter wavelengths

is a decrease in emissivity and in radiobrightness temperature

with increase in water salinity, where this reduction is nonlinear

especially in the meter wavelength range.

In addition, temperature has a fairly strong effect: at the

wavelength of 18 cm and at 00 C, in general there is no effect

of salinity on I ; at 00 C, the drop in the value of K with var-

iation from 0 to 40 per milis 0.04 (Fig. 14). With increase

in the working wavelength, the drop in emissivity increases also

for X = 75 cm and 200 cm, being (t = 200 C) approximately 0.17

and 0.25, respectively.

The drop in radiobrightness temperature ATbr with variation

in salinity from 0 to 30 per mil)is as follows (Fig. 15):

12



4'C A =I cm A--75 cm
0 oRO 20O

20 5o 500
40 I8oK 62oK

For the normalized sensitivity of the radiometric system of /18

the order of about 0.40 K, the number of gradations when salinity

is varied from 0 to 30 percent at t = 200 C is 2 -3 m - 25 ZSic
at wavelengths of 18 cm and 75 cm, respectively.

However, as follows from these figures, with increase in

X there is a rise in the nonlinearity of the functions, and a

rapid change in I , as well as in Tbr is observed in the salinity

ranges from 2-5 per milto 25-25 per mil with a subsequent abrupt

drop in the gradient of I as a function of S. Therefore, the

first recommendation in the investigation of salinity can be seas

with low salinity, for example, the Baltic or Black seas, and

also regions of the flow of rivers into an ocean.

It should be noted that temperature strongly affects (Fig.

15) the gradient of Tbr as a function of S in the region where

there is no linearity of this function (up to salinities of the

order of 20-25 per mil).

=18 cm. 75 cm

0 0 0 I
20 0.25 20 2
40 0,5 40 3.5

We note that when interpreting experimental material, one

must know the thermodynamic temperature of the surface. Inves-

tigation of the salinity dependence of polarization character-

istics revealed the following.

13



The sensitivity of the radiation characteristics to the sali-

nity of two polarizations substantially depends on the type of

polarization, >where for vertically polarized radiation this char-

acteristic increases with respect to the analogous quantity

for observations at the nadir. For t = 200 C and salinity change

from 0 to 40 per mil, the change in the radiobrightness tempera-

ture when observations are made of vertically polarized radiation /19

(0 = 300), the ATbr for X = 18 cm and 75 cm is 130 K and 600 K,

respectively (Fig. 15a).

From this it is clear that observation of vertically pola-

rized radiation (e = 300) yields an advantage in particular in

the meter wavelength range, though not very substantial. With

an increase in the angle of observation to 0 = 600, the advantage

in the contrast ATbr of vertically polarized radiation compared

with observations at the nadir can be up to 1.7 times in the meter

range.

The sensitivity of the value of h of horizontally polarized

radiation to salinity decreases with increase in the angle of

observation and, evidently, is not of special interest for the

problems considered here.

Polarization Characteristics

By analyzing the graphs (Figs. 16, 17, 18) which present the

angular dependence of the coefficient of polarization (P) and the

frequency dependence of P, we should note an.important feature

of the polarization measurements: weak dependence over the ,ntire

wavelength range of the coefficient of polarization on the water

surface temperature (see also Table 4).

The dependence of B on salinity is also relatively weaki

with a slow rise in the effect of salinity on the coefficient

of polarization in the meter range. Thus, for 0 = 30 0, t = 200 C,

and a salinity change from 0 to 40 per mill, P changes (in absolute
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value) by 0.4 percent (X = 18 cm), 1.6 percent ( x= 75 cm), and

2.2 percent ( X= 200 cm) (Fig. 18).

When the angle of observation is decreased, the change of

P in the meter range does not exceed 8 percent in absolute magni-

tude (e - 600, t = 400 C, X = 200 cm).

Experimental Results /20

There have been virtually no special studies of the radiation

characteristics in the decimeter and meter range in the tempera-

ture and salinity ranges, however, the theoreticalpossibility

of distinguishing different degrees of salinity from radiobright-

ness temperature observations was shown /95,267. Using an.air-

borne passive radar in the wavelength 21 cm, profiles of the sali-

nities of several routes were obtained during a flight over the

mouth of the Mississippi River (estuary) into the Gulf of Mexico.

After computer processing of the results, to reduce the redundancy

color profiles of salinity (four gradations) from fresh to sea

water were constructed.

The sensitivity of LT to salinity was: about 1 K per 1
br

per mil change in salinity.

Nonetheless, the profiles found appreciably supplement mari-

time 'maps of the distribution of the salinity of this estuary.

The question of modeling sea water with different salt con-

centrations with NaCl solution in measuring the radiation charac-

teristics is essentially, particularly in the experimental aspect.

From an inspection of the function2=3(e (when o = 00), the

coefficients -and , are 1.5-0 and 1'I0- unit of measure-

ment per unit of change in E' or in e" in the range - 80.

It can be shown that in the range X = 11 cm the absolute diffe-

rence of the radiation characteristics of an NaCl solution con4

taining 35 g salt per kg of solution and of sea water with 35

per milisalinity (see Section 2) is of the order of about

15



1.3 10 , and the corresponding difference in the radiobrightness

temperature (for To = 300' K) is 3-4o K.

Interestingly, this difference is composed mainly of a change /21

in the quenching of the NaCI solution and of actual sea water.

In the shorter wavelength range, apparently the difference

in the radiation characteristics of these electrolytes decreases,

while in the longer wavelength range the situation is the reverse,

and for a sufficiently high precision in the measurement of radio-

brightness temperatures, the modeling of sea water with an NaCl

solution (of the same salinity) is not applicable.

Further experiments must show the degree of the dependence

of the radiation characteristics of an electrolyte on its chemical

composition.

4. Allowing for Atmospheric Glow

In view of the significant dependence of the coefficient of

reflection of a water surface on frequency, allowance for atmo-

spheric glow (atmosphere and cosmic noise) can substantially modify

the above-presented ratios of radiobrightness temperatures.

The radiobrightness temperature, measuring with a radiometric

system, in general is as follows (without allowing for attenuation

in the atmosphere and the averaging action of the antenna radia-

tion pattern) /6,27:

Tbr j * (12)

where i,j = v, h -- (vertical and horizontal polarizations),

3 . = emissivity,J

TH j = atmospheric glow reflected from the Earth's surface,

which is:

16 (13)

16



where is the radiobrightness temperature of the atmo- /22

sphere, and

56 are the coefficients of surface scattering: here

?ej*~I-9 (14)

Since the quiet water surface is a virtually mirror surface

in the ranges considered, that is, i=(. in other

words, the coefficients Yji.. are delta functions, Eq. (12) becomes

simplified:

~j (15)

When measuring radio emission from rough surfaces (wave-

tossed sea and solid surface), especially at grazing angles of

observation (0 >600) in ground surface experiments, allowance

for glow must be made with reference to the complete expressions

Eqs. (12) - (14) and the distribution of atmospheric temperature
6

Z-72, and the averaging action of the antenna radiation pattern 
.

Not being sufficiently exact, Eq. (15) nonetheless gives

the first order of correction to the effects of glow Icaused by

atmospheric radiation and in the meter range can qualitatively

alter the functions under discussion, since the brightness tem-

perature of the atmosphere in this range is 20-500 K .7

With reference to Eq. (15) and the averaged-radiobrightness

temperature of the atmosphere in the decimeter and meter ranges

j87 and in the millimeter and centimeter ranges (for the model

of the atmosphere with content of precipitable water 1.10 -  cm)

66 As shown by experiments Z0_7, these effects are considerable

even at angles of observation larger than 50-600 with an antenna

that has a pattern of about 100.
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/_97;, Fig. 19 presents the radiobrightness temperature curves for

the water surface. As can be seen.from comparing Fig. 10 and

Fig. 19, the effect of atmospheric glow on these functions is

substantially. Namely, even at wavelengths >1 m a sharp rise

in the radiobrightness temperature of the water surface is ob-

served, independently of its thermodynamic temperature and the

salinity, which is related to a rise in the noise temperature of

the atmosphere in this range. And the Tbr of salt water (40 per
0 brH

mil )is 80-90° for the 1 m wavelength, while this quantity, with-

out allowing for glow, Tbr, is 40-500 K (Fig.'10). From Fig. 19

there follows the important conclusion that the optimal range

when one investigates the salinity of sea water by remote methods

is the 50-80 cm wavelength range. With a further increase in

the wavelength, the dependence of Tbr,H on salinity falls off

quite rapidly. The values of TbrH in the above-indicated range

lies in the range 75-135 for fresh and for salt water.

Figs. 20, 21, and 22 are detailed curves of the radiobright-

ness temperature with allowance for atmospheric glow as a function

of salinity and the thermodynamic temperature of the water surface

at the wavelengths 18 and 75 cm.

The examination of the effect of salinity on the trend of

the Tbr curves (Fig. 20) shows that glow increases absolutely the

value of the radiobrightness temperature by not more than 3-5 K

(wavelength 18 cm) and approximately by 200 K for X = 75 cm (see

Fig. 20 and Fig. 15). And in the former case the nonlinear de-

pendence of the radiobrightness temperature with variation in

salinity in general is retained, while in the latter case -- some

change in its character takes place. Especially at the radiation

wavelength of 75 cm the boundary of the abrupt decrease in the

gradient ATbr H/AS shifts toward the 10 per mil:salinity range

(t = 400 C). The analogous boundary without allowing for the

glow ATbr/ AS lies in the region of 20-25 per mil:salinity

(t = 400 C). This circumstance confirms the earlier-made
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conclusion of the utility of investigations of low salinities Z24

(from 10 to 12 per milt) by remote methods at the working wave-

length of 75 cm.

The gradients A Tbr,H/AS and ATbr/AS (Figs. 20 and 15)

in the salinity range 0-20 per mil at the wavelength 18 cm show

nearly no change (see Section 3); at X= 75 cm in the 0-10 per

mil range, ATbr H/AS is 3.50 K/1 per mil when t = 400 C, and

further, 0.80 K/l per mil(15-40 per mil,) (compare Section 3).

The effect of the noise temperature of the atmosphere in

the temperature dependence of Tbr,H (To) (Figs. 21 and 22) reduces

to an increase in the absolute radiobrightness temperatures of not

more than 8 and 200 K (at X = 18 and 75 cm, respectively). The

nature of the curves remains virtually unchanged (compare Figs.

21 and 12, and Figs. 22 and 13).

The general trend is one of a rise in the negative gradient

ATbr,H/AS with rise in salinity, especially at the wavelength

75 cm, though for fresh water this gradient is always positive.

At the salinity S = 40 per mil and X = 18 cm, the temperature

function is virtually not observed.

5. Coefficient of Reflection from Water Surface. Experimental
Data

Owing to developments in the possible application of radar

systems in the decimeter and meter ranges for determining the

parameters of the water surface (for example, ffllegible), it

is of interest to investigate the problem of the dependence of

the coefficient of reflection (with respect to thickness) in

this range on the thermodynamic temperature and on salinity.

The coefficient of reflection with respect to thickness can

be found from the relations (5) and (6) given the condition (see

Section 4) that

19 (16)
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From an inspection of Fig. 23, where the frequency functions /

(for observations at the nadir) are given for the temperatures

of 0, 20, and 400 C and the salinities of 0, 20, and 40 per mil,

it is clear that in the centimeter range the coefficient of re-

flection increases with increase in wavelength, there is no de-

pendence on salinity, and a unique dependence on temperature

(for wavelength of 5-7 cm) is observed -- the higher the tempera-

ture, the higher the coefficient of reflection.

In the decimeter and meter ranges, the dependence on wave-

length for fresh water is absent, while the dependence on temper-

ature is an inverse one -- the higher the temperature, the lower

the coefficient of reflection. And the radiation wavelength has

nearly no effect on the gradient AIRI2/ AT 0 , which is a value

of 6*10 - 2 percent per degree of temperature change.

For fresh water at all salinities, the coefficient of reflec-

tion is higher than for fresh water. The temperature. gradient

for sea water can be either negative, or positive, depending on

salinity. More detailed temperature curves and salinity func-

tions can be obtained from data shown in Figs. 12 and 14 (x =

18, 75 cm) or from Table 4 with reference to Eq. (16).

Experimental data. Published experimental results on the

measurement of the coefficient of reflection in a wide frequency

range are relatively few.

The study 17 presents the results of measuring the IRI

of an open surface of fresh water in the centimeter range over a

wide range of temperatures. Fig. 24 gives the results of calcu-

lations of temperature functions at the frequencies of 13.7 and

22.2 GHz and experimental points at the frequencies 19, 24, and

22.43 GHz.

From a comparison of these results it is clear that the dif- /26

ferences in the ranges 1.6 and 1.35 cm are about 0.25 percent

and about 1 percent, respectively. This difference evidently was

caused by the nonagreement of experimental and calculation frequencies.
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Of major interest is a study _27 in which are presented

experimental frequency characteristics of IRI2 of fresh and sea

water in the wide frequency range from 0.1 to 4 GHz, where in

the 2.5-4.0 GHz measurements were made with a sweep generator

from the open water surface, and a special coaxial chamber for

water was designed for the 0.1-2 GHz range.

In the low-frequency range the calculated curves (dashed)

agree well with the experimental points for the same salinity

values (Fig. 24).

The results obtained in the 2.5-4.0 GHz range raise doubt,

since the coefficient of reflection throughout nearly the entire

range is smaller for sea water than for fresh.

In addition, the burst in the value of IRI2 at about the

frequency 3 GHz is doubtful.

The very authors of this experiment / 7 regard the experi-
mental results in this range as well as the features noted to be

insufficiently exact to draw conclusions on the features of the

electrical properties of salt water.

The conclusions on the possibility of modeling sea water

with an NaCl solution by comparison with data from measurements

of radiation characteristics, given in Section 3, are fully valid

also when compared with experimental data on reflection charac-

teristics.

From these calculations made with the experimental data it

can be concluded that the use of the frequency range below 1 GHz /27

is effective for the purposes of detecting and measuring the

salinity of the water surface in the active measurement mode.

Conclusions

Based on the above-given results the following conclusions

can be drawn.
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1. There is no well-defined frequency dependence of the di-

electric constant in the decimeter and meter ranges. Owing to

the presence of a high specific conductivity of sea salts, the

loss tangent in the decimeter and meter ranges rises sharply,

while for fresh water, the loss tangent decreases linearly in

the 1-200 cm range. The values of e' and tg 6 , calculated for

fresh water, agree well with available extensive experimental

material, which enables us to evaluate the validity of the Debye

polarization model for fresh water in the UHF range.

Experimental data on the electrical characteristics of sea

water are scanty, therefore a definitive decision on the corres-

pondence of the Debye dispersion model for solutions of electro-

lytes in the low-frequency range is a matter for the future.

2. The emissivity of fresh water at wavelengths longer than

10 cm is virtually independent of frequency for a fixed water

surface temperature. The emissivity of sea water falls off with

increase in wavelength and in salinity. The coefficient of pola-

rization depends weakly on temperature and salinity in the deci-

meter and meter ranges.

3. Atmospheric glow delimits on the long-wave side the range

of wavelengths which can be used for remote probing using passive

measurements oftwavelengths of the order of 1-2 m.

The presence of atmospheric glow substantially reduces the /28

sensitivity of the radiobrightness temperature toward a change

of both the thermodynamic temperature and of salinity.

4. The 3-8 cm wavelength range can be recommended for the

measurement of the surface temperature by passive remote methods.

But for investigating salinity, the most advantageous is

the 50-80 cm range (with reference to atmospheric glow) with the

detection predominantly of vertically polarized radiation.
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When 0.3 (0.8) and 18 cm range radiometric systems are avail-

able, the temperature fields of a smooth water surface (first

wavelength) and the salinities (with reference to temperature)

can be measured from data at the second wavelength on the gradient

of the radiobrightness temperature per unit change in salinity

of 0.3-0.50 K.

Selection of the optimal wavelength depends on the irradiated

salt concentrations. Thus, passive methods can be recommended

for seas with weak salinity or for regions in which rivers flow

out into the ocean.

5. Experimental data on the coefficient of reflection with

respect to thickness in the low-frequency range (100 MHz 2 GHz)

agree with the calculated functions for the same salinities and

thermodynamic temperatures.

Use of the low-frequency UHF range (below 1 GHz) is desirable

for investigating the distribution of salinity by active remote

methods.

In selecting the wavelength for probing, the resolving power

with increase in wavelength must be taken into account.

An examination is made of the effect of sea water temperature /29

and salinity on its dielectric constants and the radiation charac-

teristics of a smooth water surface in the 10-200 cm wavelength

range. With reference to the dependence of dielectric constants

on temperature and salinity, and also the effect of atmospheric

glow, it was shown that the optimal working range of working

wavelengths for investigating the distribution of the salinity

of an ocean by remote passive methods is the 60-80 cm range. And

corresponding to a salinity change from 0 to 30 per mil is a 43.5 0 K

decreas'e in the radiobrightness temperature at the wavelength

75 cm, when the temperature of the radiating surface is 200 C.

Experimental material was compared with theoretical calcula-

tions.
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TABLES 1. ELECTRICAL CHARACTERISTICS OF FRESH AND SEA WATER

Lo 10 15 100 150 200

0 0 79,45 85,33 36,07 86,.93 87.70 87,70 87,0 770 70 87,70
20 74,53 79,52 80.09 81.06 81.59 81.82 81482 81,90 8I,90
40 68,70 73,08 73.,62 74,43 74.92 75.I2 . 75.I2 75.20 75,20

0 0.314 0.174 0,148 0.105 0.063 0.042 04031 0.021 0.016
20 , 0,429 0,379 0,387. 0,443 0.626 0,885 0.156 0.705 2.263
40 0,565 0,619 0,667 0,842 1,289 1,876 2.481 3.692 4,913

81 0 79.90 82,87 82,87 83.70 83,70 83,70 83.70 83.70 8,3,70
20 74.65 77,19 77,47 77.98 78.19 78,34 78,34 78.34 78,34
40 68,48 70,66 70,91 71,30 71,51 71,64 71,64 71,64 71.64

0 0,222 0,124 oo0,107 0,074 0.045 0.030 0,022 0,015 0,011
20 0,383 0,4II 0,441 0,552 0.841 1,224 1,613 2,403 3,196
40 0.572 0.754 0,838 I,120 1.786 2.639 3.503 5,238 6.977

20 ES' 0 77,76 79,20 80 80 80 80 80 80 80
20 72,83 74,15 7'4,36 74,51 74,7I 74,78 74,78 74,78 74,78
40 66,43 67.58 67.70 64,89 68,01 68,08 6b,08 68,08 68,08

TABLE 1 gonclusion

I__)__75____0 200
0 0.167 0.093 0,078 0.055 0,033 0.022 0,017 0.0I 0.0082
20 0.374 0,466 0,515 0.679 0,072 1,577 2.094 3.126 4,164
40 0,621 0,914 1.039 1,427 2,31S 3,448 4,588 6,869 9,155

.0 . 0 75,74 76.50 76,50 76,50 76,50 76.50 76,50 76.50 76,50
20 70.12 70,89 71I,03 .7, I6 71,22 71,22 71,22 71,22 71,22
40 63,65 64.28 64.34 64,46 64,52 64,52 64.52 64,52 64.52

4 0 0.126 0.07 0.061 0.042 0.025 0.017 0.013 0.0085 0.0064
20 0,388 C.541 0.610 0.827 1,334 .7 2.631 3,937 5,245
40 0.698 I .105 .1,269 1,768 2,90'4 4,338 5,776 8,654 II,54

40 ' 0 72,947 73,20 73.20 73.20 73,20 73.20 73,20 73.20 73,20
206 6398 67.47 7,53. 67.59 '67.66 67,66 67,66 67,66 67,66
40 60.4 -60.85 60.85 60.89 60.96 60.,96 60.96 60,96 60,96

40 0,819 1,356- I,56 2,202 3,638 5.444 7,252 10,87 14,492 0 0 .4 2 0 ., 6 2 0 20 2 .6 39 2 , 4 9 3 , 2 7 2 , 9 0 6 , 5 3 1



TABLE 2. ELECTRICAL CHARACTERISTICS OF FRESH AND SEA WATER

'lv salinity

oi 49' lc 0 5 -I -i5 4 0_5 30 35 40_
18 £ 0 85,33 83.14 82.25 80,39 79,52 78,45 76,09 7'4,I5 73,08

0,174 .0,223 0,273 0.33I 0.379 0.430 0.493 0,558 0,619

E 20 79,20 79.93 78,15 76,07 74,15 72419 70,28 68,29 67,58
S 0,093 0,176 0.266 0,362 0.466 0,562 0,681 0,79I 0,914

s 40 73 20 73 30 7T 21 69 31 67 47 66 6I 64 72 62,78 60 85
0.656 0.,86 0,322 0.484 .0.42 0.792 0,.62 1144 1,356

75 E' 0 8770 85 71 84 72 82 72 81 82 80 72 78 22 76,22 75612
042 0,4I 0,450 0 ,.94 0..985 1.8,99 1.62 1,635 18.76

6 20 80 '80 60 78 80 76 70 74 78 72 80 70 80 68,80 68 08S 0.022 0,384 .0.763 I,164 1, 77 I,997 2.497 2.962 3,448

40 7320 73 50 7140 690 6766 6680 64 90 62 9 60.96
0.013 0.,75 I,146 1,823 2,459 3,109 3,92 4,588 5,444

200 0 87 70 85 80 84 80 82,80 81 90 80 80 78 30 76 30 75 20
" 0,16 0,~47 I,05 I,753 2,163 2,836 3,38 4,.60 4,913

80 80 60 78.80 76 70 74 78 72 b0 70 80 68 80 68,08
S 0.008 0,976 I,987 .3,05I 4,164 5.8I 6,17 7,54 9,155

S 73 20 73.50 71,40 69 50 6766 68 80 64.90 62 90 60 96. L0,005  I106 3.029 4,.37 6. 3I 8,266 104172 12,ZI3 14,49

TABLE 3. ATTENUATION AND EFFECTIVE LAYER OF
FRESH AND SEA WATER

18_ _ _/ cI8 m =75 cm -= 200 cm

.. . /o t 'd//( ) - .,-

0 0 226 0,085 14,2 I,34 1,.98 9.63

20 502,8 0,038 207.9 0.07I 211.9 0.09

40 769,6 0.025 474.6 0.04 335,3 0.057

20 0 104.5 0.18 6.99 2,73 0.?7 24,7

20 593,2 0,032 415,4 0,046 302.3 0.063
40 1046 0.018 684 0.028 456,7 0.042?

40 0 58 0.33 3.69 5,18 0.58 32.8
20 762.1 0,025 544,8 0.035 376.1 0,051
40 11387 0014 856.2 0,022 554,4 0.034
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TABLE 4. RADIATION CHARACTERISTICS AND COEFFICIENT

OF POLARIZATION OF FRESH AND SEA WATER

--- --7, 200m

0 0. a° 0 0,349 0,349 0,349

20 0.349 0,302 0.209

40 0,341 0.238 0.47

- 0 0,362, 0,362 0,362

20 0,352 0.257 0,161

40 0.323 0,185 0. TIZ

40 0 0, 374 0.375 0, 375

20 0.349 0,202 0,134

TABLE 4 JONTINUATI Og

_ 1 .. .75 1 200

I0 0 0h.44,345 0 0,344

20 0.344 0.297 0.207

40 0.336 0,234 0.145

0 0o .35 4  0.353 0.352

20 0,353 0,305 0,213
40 0.345 0,24Y 0.149

7 0 0.012 0.012 0.012

20 0.012 0,013 0,014

40 0.012 0.013 0,014

20 2 0 0,358 0,357 0.357

20 0,347 0.253 0,159
40 0,319 0,182 0,110

v 0 0,367 0.366 0.366

20 0.356 0.260 0,163

40 0. 32 7  0,187 0,114

P 0 0.012 0.012 0.012

20 0.012 0.013 0,014

40 0.012 0.014 0.014

40 0 0.370 0.370 0,370
20 0,345 0,216 0.132

40 0.294 0.152 0.092

X 0 0.379 0,379 0.379

20 0.354 0.222 0.136
j40 0,301 0,156 0.095

S 0 0.012 0.012 0.012

20 :0.012 0,014 0.014

40 0013 0.014 0.015
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TABLE 4 fONTINUATIOP7

40 0.3758 25 .5

r 0,.36C0, 25 OI
0 O0.358 0. 25.16 0.75C--

P 0 0.050 0,050 0.050
20 0,050 0.052 0.055

40 0.050 0.054 0.057

20 0 0.345 0.344 0, 44
20 0,334 0.243 0.152

40 0,307 Or5 0.106

S 0 0,380 0,380 0.390
v 20 0.369 0.27I 0.70

40 0.340 0,196 0.119

P 0 0.050 0,050 0.0b0
20 0,050 0.053 0.057

40 0.051 0,056 0.059

40 0 0, 357 0.357 0.357
, 20 0.332 0,208 0,I26

- 40 0.282 0.145 0,088

s 0 O1,30,393 0.33 0.393
V 20 10. 367  0.232 0,42

40 'o3 0.163 o.o9M
P . 0.05 0,049 0.049

20 0.050 0,055 0.058
40 0,052 0.057 0,059
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TABLE 4 ZONTINUATION7

cmi

I8 75 200

30 0 0 0,3II 0.310 0,310

20 0.310 0,267 0.184
40 0.303 0.209 0.1I29

2;0 0.39I 0.390 0.390

20 0.390 0.339 0;238

40 0.38I 0.269 0,168

P 0 0.114 0,114 0.114

20 0,114 0,II9 0,127

40 0,115 0.125 0.132

20 0 0.323 0.322 0.322
20 0,313 0.227 0,14I

40 0,287 0.162 0.098

V 0 0.405 0.404 0.404
20 0,394 0.290 0,I83

40 0,363 0.210 0.128

P 0 0.113 0.II3 0,II3
20 O.0I4 0,123 0.131

40 0#17 0.129 0,135

40 ~ 0 0,334 0334 0.334
20 C,311 0,193 0,I17
40 0,263 0,135 0,082

6v 0 0.418 0.419 0,419
20 .0,391 0,249 0,153

40 0.335 04176 0.107

P 0 0.112 0,I12. 0.112

20 0,II.4 0.126 0,I33

40 0.II9 0,I3I 0.136
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TABLE 4 CONTINUATION7

/ cm

18 75 200401i 0 - 0
40 0 0 0,281 0,280 0,260

20 0,280 0,240 0.165
40 0,273 0.188 0. 15

' 0 0,429 0,429 0.429
20 0.428 0.374 0,264
40 0.419 0,298 0,188

S 0 0.209 0,209 0.209
20 0.209 0,218 0.232
40 0,211 0,228 0,24I1

20 h 0 0,292 0,291 0.291
h 20 0,283 0,203 0.126

40 0,259 0,145 0,870

"E 0 0.444 0.443 0,4.43
20 0.432 0.321 0.205
40 0,399 0,234 0144

P 0 0.20? 0.207 0.207
20 0.209 0,2254 0,239
40 0,214 0,235 0,246

Rh 0 0.302 0.302 0.302
20 0.28I 0.173 0,104
40 0,237 0.120 0,724

0 0,458 0.458 0.458
.20 0.429 0,276 l0.171?
40 0,369 0.196 0.120

0 - 0,?05 0,205 0,205
20 0.209 0.230 0,243
40 { 0.218 0,240 0,248
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TABLE 4 OC-NTINUATIONg

a ;57?ooa7 200

50 0 h 0,242 0.241 0.24150 0. % .0 0,140

40 0,235 0.I60 0.097

0 0.488 0.487 0,487

20 0,407 0,428 0.307

40 0,477 0.344 0,219

P 0 0,338 0,338 0.338

20 0,338 0.350 0,372

40 0.340 0.365 0.366

20 0 0.251 0,251 0,251
20 0,243 0,174 0,107

S40 0,222 0.123 10,074

-ae 0 0.504 0,503 0.504

S20 0.491 0.369 0,239

40 0$455 0,272 0,169

P 0 0.335 0.335 0.335

20 0,537 0,36I 0,383

40 0,345 0,377 0,393

40 3h 0 0,261 0,26I 0.261
S20 0,242 0.147 0.08I

40 0,205 0,102 0.061

S 0 0.519 0,519 0.519

S 20 0,488 0.3I9 0,199

40 04823 0.229 C.142

Sp 0 0,351 0.331 0 33I

20 0.33b 0,369 0:388

40 0.351 0.364 0.397
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TABLE 4 C-ONTINUATIOP_7

60: a 18 75 200

60 0 0 0,194 0,193 0.193
20 0.193 0.164 0~II1
40 0,188 0.127 0.0766

0 0.579 0,578 0,57820 0.578 0.513 0.375

40 0.567 0,419 0,273

S 0 0,499 0,499 0,499
20 0,499 0,515 0.543
40 0,502 0.535 0,561

20 0 0.202 0.201 0.201
20 0.195 0138 0.0839
40 0.177 0.097 0.058

S 0 0,596 0.595 0.595
20 0.582 0,447 0.296
40 0.543 0.335 0.2II

S 0 0,494 0,494 0,494
20 0,498 0,529 0,558
40 0,507 0.551I 0,571

• . J

40 0 0,209 0,209 0,209
20 0.194 0.163 0,692
40 0.162 0,080 0,048

0 0,612 0,612 0.612
20 0,579 0,391 0.249
40 0.507 0.284 .0,178

P 0 0,490 0,490 0,490
20 0,499 0.540 0,565
40 0,516 0.559 0.576
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TABLE 4 CONTINUATIOg

-18 
?5 20

65 0 A 0 0,166 0.166 0,166

20 0,166 0,141 0,095

40 0,161 0,108 0.065

V 0 0.643 0,642 0,642

20 0,641 0,574 0,427

40 0,630 0,474 0.314

P 0 0,589 0,589 0,589

20 0,589  0,606 0.637

40 0,592 0,628 0,656

20 h 0 i0,173 0.173 0,173

20 0.168 0,118 0,07I

40 0.152 0.083 0.049

S 0 0.660 .0Q660 0,660

20 0,645 0,504 0,339

40 0.605 0,383 0,245

0 0.584 0,584 0,584

20 0,588 0,621 0,652

40 0,598 0,645 0,667

S 0 0.180 0.180 0.180
20 0.166 0,099 0.059
40 U,139 0.068 0.041

2 0 0,76 0,67 /677
20 0.642 0,443 ,?b?

40 0.567 0.326 u,20?

p 0 0,579 0579 05?9

2C n,586 U.634 (.,660

40 0.607 G.634 0,672
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TABLE 4 ZLONTINUATIOY

Ccm 
- _

-- IB _ 75 20
70  0 0 0.137 0.13? 0.137

20 0,136 0.II5 0.077
40i 0.133 0.089 0.053

r 0 0.724 0.723 0,723
201 0.723 0,653 0.500
40 0.710 0,547 0.372

P 0 0.682 0.682 0.682
20 0.682 0.699 0.731
40 0,685 0.721 0.750

20 0 0.I43 0.142 0.143
h 20; 0.138 0.096- 0.058

40 0.125 0.068 0.040

0 0,741 0.740 0.741
20 0.726 0.580 0.400
40 0.6864 0.449 0.293

0 0.678 0.677 0.677
20 0.680 0.714 0.746
40 0.691 0,738 0.76I

40 I 0.149 0.149 0.149
20 0.137 0.081 0.048
40 0.114 0.056 0.033

5 0 0.757 0.757 0.757r 20 0.722 0.514 0.342
40 0,645 0.385 0.249

0 0.672 0.672 0,672
20 0,68I 0,727 0.754

I 40 0 700 0.748 0.766
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TABLE 4 ZCONTINUATION/

Rcm
___ _____ 75 200

75 0 ? 0 0.105 0,105 0.105
20 0.105 0.089 0.059

40 0,X02 0.068 0.040

' 0 0,826 0,825 0,825
S20 0.823 0756 0.595

40 0.810 0.648 0,458

0 0,773 0,774 0,774
20 0.774 0.790 0,819

0 0,776 0,810 0,838

20 0 0.110 0.110 0.110
S 20 0,106 0.073 0.044

40 0.0%6 0.052 0.030

0 0,841 0,840 0.840
20 0,826 0.682 0,489
40 0,785 0,543 0.367

. 0 0.768 0,769 0.769

20 0.772 0.805 0.834
40 0,782 0,827 0,847404 0 OO.W O

40 0 0,115 0.II5 0.I5
20 0.105 0,062 0,036
40 0.087 0,042 0.025

S 0 0,855 0.855 00855
20 0,820 0.613 0.423

40 0.746 0,473 0.315

P 0?64 0,764 0,?64

20 0,772 0,816 0,841
40 0,790 0,836 0.852
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TABLE 4 /CONTINUATION/

-cm
__ 18 75 . 200

80 0 h 0 0.072 0.072 0,072
20 0,072 0.060 0,040
40 0,070 0,046 0,027

ev 0 0,941 0.942 0.942
20 0.937 0.883 0,737
40 0.925 0,786 0,594

p 0 0,858 0,858 0.858

20 0.857 0.872 0.897
40 0.860 0,889 0.912

20 0 0,075 0,075 0.075
20 0.073 0.050 0.030
40 0,066 0.035 0.020

a, 0 0.952 0,952 0,952
V 20 0,938 0,817 0,629

40 0,903 0,684 0.491

P 0 0.853 0.853 0,853
20 0,856 0,884 0,909
40 0,865 0,903 0,920

40 0 0.078 0,Q78 0.078
20 0.072 0,042 0.025
40 0.059 0.029 0.017

ae 0 0.960 0.961 0,961
20 0,932 0.752 0,556

40 0,869 0.610 0.429

P 0 0,849 0,0849 0,849
20 0,856 0,894 0.915
40 0,872 0.910 0,924
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TABLE 4 Z-ONCLUSIOg

' ~__-75 200

85 0 0 0.037 0.037 0.037

20 0,037 0.031 0,020

40 0.036 0,023 0.014

0 0,988 0,990 0.990

20 0,98I 0.965 0.901

40 0.970 0.922 0,809

0 0.928 0,928 0.528

20 .0,928 0.938 0.956

40 0,929 0,95I 0.966

20 0 0.039 0.038 0,038

20 0.037 0.026 0.015

40 0.033 0.018 0.010

Z? 0 0.985 0.985 0.985
S 20 0.975 0,935 0,833

40 0,958 0.866 0,721

o 0,925 0.925 .0,925
20 0,927 0,947 .0.964

40 0.932 0,960 U,972

40 0 0.040 0.040 0.040

20 0.037 0,021 0.012

40 0.030 0.014 0,085

v 0 C,980 0,980. 0,980
20 0,965 0.902 0.778

40 0,941 0.817 0,659

p 0 0.921 0,921 0,921

20 0,927 0,954 0,9S9

40 0.938 - 0.965 0.974
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Brightness Temperature of Sea and Fresh Water With Allowance
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